Ronald Breslow was one of the leading organic chemists of his generation. He had received the perfect start in gaining a Harvard doctorate at the age of 24 supervised by the legendary Bob Woodward, followed by a year of postdoctoral work in Cambridge with the equally legendary, but scientifically distinct, Alexander Todd. An academic career of 62 years at Columbia University followed, starting in 1955, and scientific success arose quickly. He was a physical organic chemist, using this discipline as a vehicle for tackling all manner of scientific problems and venturing as needed into biology, physics or medicine. He prepared the simplest aromatic species, solved the mechanism of action of Vitamin B1, built bridges between organic chemistry and enzymology, and developed an anti-cancer drug with a distinct enzyme target. Rewards, honours and prestigious lecture invitations arrived throughout his career, in recognition of the scope and originality of his achievements. He met Esther at Harvard, and they married on completion of his PhD. After returning to the USA, she pursued a successful career in biochemistry at Weill Cornell Medical School in New York. They raised two daughters, Stephanie and Karen, who both became successful attorneys. He had strong family values and was very proud of all their achievements. Towards his co-workers, he was open, eager to engage in discussion and committed to supporting them, both during time at Columbia and thereafter. His warmth encouraged positive responses to his style of supervision, and lively discussions. He was an accomplished classical and jazz pianist, the family cook, and they scuba-dived on annual vacations.
Early career
Ronald Breslow (later known as Ron to friends and colleagues) was born in March 1931 in Rahway, New Jersey. The first of two children, he was followed later by his sister, Diane; figure 1 shows him with proud parents. His father, Alexander, was a doctor in general practice in Rahway before World War II, and Ron spent his early childhood there. His father became a field surgeon during the war in the Pacific campaign, with his US base in Florida. So, for part of the war the rest of the family was evacuated to Hollywood, Florida, giving Ron his first high school experience there. His mother, Gladys, had been a nurse before the war, but was then engaged as an aircraft inspector for the war's duration. After the end of the war, the family returned to Rahway, and Alexander continued in surgical practice in the local hospital. By that time, New Jersey had become a major centre for pharmaceutical research in the post-1945 period of rapid growth. Merck had established a research and development centre in Rahway that was one of the very early contributors to large-scale penicillin synthesis, and had also contributed to streptomycin production, the first drug effective against tuberculosis, through collaboration with Selman Waksman at nearby Rutgers University. These activities enriched the local community with scientists, and the school system with children exposed to their enthusiasm.
By coincidence, Max Tishler, who was research director at Merck, was a family friend of the Breslows. He had helped to revise the then standard student textbook of organic chemistry written by Arthur Conant, and gave the young Ron a copy of a later edition, maybe stirring his first passions for chemistry. By that stage, Ron was an energetic and confident teenager, regularly class president at school, with a laboratory set-up in the family basement helping to foster his growing chemical interests. Not without consequences: the occasional organic fragrances drifting upwards disconcerted patients attending his father's home office. His scientific development was further encouraged by entry into the Westinghouse Science Talent Search, a national competition for high school students. He was successful enough in this to reach the US regional final in Washington. Through that competition, he met many other budding scientists from the New York area and beyond, and sustained these contacts, many throughout his life.
Ron's academic aim was to be a Harvard undergraduate, and he achieved this, enrolling for a Master of Arts (AM) degree in 1949. He had to tread a delicate balance; his own inclination was towards chemistry, while the family expectation was that he should follow his father into medicine. His choice of courses was unconventional, and included organic chemistry in his first year, physical chemistry in the second year and then graduate science courses in the third year. During that final year he worked part-time for Gilbert Stork (ForMemRS, 1998), rewarded by two later papers on the structure and chemistry of the sesquiterpene cedrene, extracted from cedar oil. The underlying intention was to do the things he was really interested in before the serious business of career enhancement intervened. Sure enough, he spent the first year after graduation in medical sciences and advanced sufficiently to gain an AM the following year. Having sampled the first steps of a medical career, he decided to challenge his father's ambitions for him and committed himself to chemistry in entirety. By great good fortune, his PhD was carried out with Robert Woodward (ForMemRS, 1956 ) and completed in two years, only partly because of his previous concentration on the required coursework while an undergraduate. He carried out early studies designed to elucidate the structure of the macrolide antibiotic magnamycin, acknowledged as a difficult and challenging problem. Woodward was becoming recognized as the leading synthetic organic chemist among his contemporaries worldwide and had a profound effect on the thinking of all those who worked with him. The list of his former students and postdoctorals provides a Who's Who for mid to late twentieth-century organic chemistry. Ron clearly gained much from the experience. Harvard provided other significant advantages: he met Esther Greenberg, a biochemistry postgraduate who was attending Frank Westheimer's course on reaction mechanisms. She was clearly impressed by the student who asked sharp questions in the class. 1955 was a momentous year for Ron; he completed his PhD, married Esther (figure 2) and they set sail for Cambridge in the UK, where he held a National Science Foundation (NSF), working with Alexander Todd (FRS, 1942; PRS 1975-80) . Not just working, but learning. To quote Roger Brown, an Australian contemporary in the research group (Brown 2001) :
After less than a year I moved upstairs to a smaller lab; the company there included Ron Breslow, who subsequently had a brilliant career at Columbia, and Murray Goodman, who pursued the chemistry of biopolymers at the University of California, San Diego. Breslow and Goodman spent an enormous amount of time pushing curly arrows at the lab blackboard. Their commitment to a deeper theoretical understanding of organic chemistry was surprising to the empiricists of the rest of the lab.
Ron later compared the research style of his mentors; both subsequently awarded the Nobel Prize in Chemistry. Woodward, he suggested, was a brilliant solver of puzzles in synthetic and structural organic chemistry, as much concerned with the intellectual challenge as with the fundamental importance of the topic. By contrast, Todd was interested in providing solutions to significant problems and worked on projects where they would make real scientific impact, with the gift for recognizing such problems in the first place.
Ron's NSF Fellowship lasted for a year, and during this period he was actively applying for posts back in the USA. Columbia was among the more attractive possibilities, and his mentor, Gilbert Stork, had moved there from Harvard in 1953. Unfortunately, there was no vacancy in Columbia's chemistry department that year. With the engagement of considerable ingenuity and finesse by Stork, and in the face of competition from the University of Wisconsin, a temporary position was created for him in 1956. This was made more secure the following year, and then permanent. Those first steps initiated a career of remarkable consistency; from then until his death in 2017 he was affiliated with Columbia, rising rapidly to associate and then full professor, awarded the Samuel Latham Mitchell Chair in 1967 and ultimately elected to the select group of University Professors in 1992. Esther Breslow completed her PhD work on nucleic acids at New York University after their return. She was appointed soon afterwards to a position in biochemistry at Cornell Medical School in New York and progressed through a long career there in parallel with her husband. Her interests lay in the conformation of proteins and the effects of substrate binding thereon. They were cited as a model scientific couple, combining a harmonious family life with demanding careers and successfully raising two daughters, Stephanie and Karen, but not as future scientists, since both trained in law and subsequently became attorneys (figure 3). Ron's drive to achieve independent status in research, while young and relatively inexperienced, paid off spectacularly. Within three years of his appointment to the Columbia faculty, he had published acclaimed research in two independent areas and marked out the pathway for his long and productive career. At the time of his appointment, organic research was limited to the groups of Gilbert Stork, the free radical chemistry of Cheves Walling, who left in 1970, and the physical organic chemist Louis P. Hammett, who retired in 1961 having left the mark of the Hammett Equation on generations of chemistry undergraduates. Several successful new appointments were made in the years after Breslow's appointment and he would have been a strong influence in the choice of colleagues. Thomas Katz, well known for aromatic chemistry and for enyne metathesis, was appointed in 1961 and spent his career at Columbia. Nicholas Turro, a leading photochemist who also wrote the standard textbook in the field, came in 1964. Koji Nakanishi, whose interests lay in natural products and more generally in bioorganic chemistry with strong international connections, was appointed in 1969. Clark Still, a gifted synthetic chemist whose interests eventually moved to computational approaches and who was responsible for creating the standard molecular mechanics program Macromodel, came to Columbia in the early 1970s. Given this team, Columbia's organic chemistry was widely regarded for many years as among the best departments in the world, with an enviable depth and breadth in research strength. 
Teaching at Columbia
Ron saw physical organic chemistry as a problem-solving discipline, applicable across the whole of organic chemistry. As a result, he was able to alter the focus of his research from time to time, and hence maintain a constantly fresh outlook. Distinct topics were regularly phased in or phased out. He understood the importance of integrating teaching and research and their complementarity. In a recording for the 2008 American Chemical Society (ACS) series 'Videos of eminent organic chemists' (Seeman 2008) , he offered teaching as an antidote when research was progressing too slowly, providing a balance through the enthusiastic response of students to a successful undergraduate lecture (figure 4). In 1968 Ron wrote a textbook, Organic reaction mechanisms (3), that was well tailored to be read independently by students enrolled on a good course of elementary organic chemistry-possibly the first book at the level with that specific intent. It provided excellent grounding for intending chemistry majors enrolled in his popular first-year Columbia course.
His teaching skills were widely recognized and suitably acknowledged at Columbia, and in such matters student opinions count most (Anon. 2017):
At the end of my second year of pre-med at Columbia in 1966, I was struggling, seriously discouraged and having grave doubts about my ability to become a physician. This all changed in September of that year, when I walked into Ron Breslow's organic chemistry class. He took a course with a terrifying reputation and made it a wonderful, exciting year of detective work and problem solving. His inspirational teaching turned my academic career around, enabling me to become a physician educator. I will forever be grateful to him.
The ability to explain organic chemistry in ways that inspired students stayed with him throughout his career (see figure 4 ).
Ron's immense overall contribution to Columbia University over 62 years was recognized through several awards. He received the Mark van Doren Medal in 1969, for the quality of his teaching, and the Great Teacher Award in 1980 from Columbia College Alumni. In 2016 he received the Alexander Hamilton Award, the highest point of internal recognition for a member of the Columbia faculty. The financial benefit that accrued to Columbia University from the sale of his Vorinostat patents to Merck led to the creation of a senior position for chemistry in perpetuity; initially, the Chair was designated The Esther Breslow Chair in Chemistry, but altered after his death to The Ronald and Esther Breslow Chair in Chemistry, as they had both intended.
Administration, outreach and external activities
Ron's career was dedicated to research and teaching, but he very willingly engaged in administration when desirable. He was faculty chairman between 1976 and 1979, where his most conspicuous achievement was to persuade the university to engage in fund-raising for an internal refit of Havemeyer Hall, one of Columbia's two main chemistry buildings. This elegant American Renaissance style building has a prominent location close to Broadway and is designated as a National Historic Chemical Monument. The original construction had been in the 1890s following a major family bequest in honour of Frederick Christian Havemeyer, a nineteenth-century mayor of New York and a Columbia graduate. The building clearly needed this major internal restructuring in order to function successfully as a modern scientific laboratory.
Columbia University was founded in 1754 as King's College (George II). At the undergraduate level, Columbia University is collegiate, with a student applicant having a choice of three colleges. The largest of these is Columbia College, the one that intending science majors would most likely attend. Up to 1983, Columbia College excluded female applicants. Their only access to Columbia University was to apply separately to Barnard College, an autonomous women-only institution to this day, but integrated with Columbia in access to teaching resources, and situated on an adjacent site. Ironically, Barnard College was founded in the nineteenth century because Columbia College was not prepared to admit women students. By the early 1980s there was awareness that Columbia was lagging behind other Ivy League universities in attracting the brightest students, and action was needed. In this context, Ron was elected chair of the committee created to consider bringing coeducation to Columbia College, subsequently called the Breslow Committee. He had to work hard to convince sceptics, and first looked at the consequences of similar changes elsewhere in US undergraduate education. The clear conclusion from this research was that both parties were likely to benefit from the change, and his enthusiasm for co-education at Columbia College held sway, while maintaining the status quo at Barnard. Both parties had desired this closer integration between Columbia University and Barnard College. As a result of the change, the gender ratio among successful applicants to Columbia College was rapidly established as 55:45 male to female and remained in that region thereafter, with a considerably stronger pool of applicants. Barnard College did suffer a drop in applications in the short term as a result of the changes-female students with offers from both Columbia and Barnard were more likely to choose Columbia-but recovered well in the 1990s.
The ACS covers all of the chemical sciences and caters for both industry and academia. As a consequence, its president tends to be recruited on an annual basis, with regular alternation. Ron's election in 1996 gave him the freedom to pursue a favourite theme of his: chemistry is the central science, bridging the physical and life sciences and has contributed consistently and positively to everyday life throughout the twentieth century. At the time, the public perception of chemistry was rather negative, and deleterious effects on health and the environment weighed more strongly than the clear benefits to society of chemical research and innovation. For instance, Dupont had initially used the advertising banner 'Better living through chemistry' that was subsequently changed to 'Better living'. Over his year of tenure, Ron published several editorials in Chemistry and Engineering News emphasizing these benefits, and also published a short book through ACS, intended for general public consumption, making the positive case for chemistry: Chemistry today and tomorrow: the central, useful and creative science (12). This was given away to high school chemistry teachers, and also used in the Science for the Citizen outreach courses. During his ACS presidency Ron also initiated a Public Service Award intended for politicians who had given support to the objectives and practice of science. This was presented in the Congressional offices and avoided partisanship; consequently, politicians from both major parties came to the award ceremonies. He encouraged interdisciplinary activities and combined forces with his equivalent colleagues in physics, biology and mathematics to lobby Washington for enhanced science funding. The '7% solution' aimed to double the budget for science over 10 years by that annual increment. It enjoyed support through the involvement of two key members of Congress, and that needs a high level of personal persuasion-he would have pressed the case for chemistry hard! Another particular concern of his was the lack of recognition of chemistry in medicine: the general public were insufficiently aware that chemists played an essential part in the invention of drugs. To counter this, he persuaded ACS to fund chemistry lectures at the main National Institutes of Health (NIH) campus, selecting prominent chemists who made important contributions in just that sector of the discipline. His motivation and support for public outreach continued throughout his career.
Ron consulted for the chemical and pharmaceutical industries throughout his career and respected the scientific contributions made by colleagues in industry. He clearly performed this well, to quote from one of the many appreciations that appeared in late 2017 soon after his death (Lowe 2017):
I enjoyed my interactions with him-he was a consultant at the first company I worked for when I got into the industry, and he did well at it, firing off a rapid stream of ideas in response to queries. He wasn't one of the old-school consultants who delivered their opinions ex cathedra, for the little people to write down. Rather, you got the sense that he knew very well that there were more scientific problems to be dealt with than anyone could handle, and was willing to share whatever knowledge or insights he had to help others get past them.
The breadth of his interests led to a consultancy with General Motors, who partly paid in kind. He claimed to have driven 28 of their cars in seven years, leading to inevitable confusions at airports: not only 'Where did I park?', but also 'What did I park?'.
Early research contributions
Physical organic chemistry is the branch of the subject that is concerned with structure and reaction mechanism. Ron strongly identified with the discipline, and was always a staunch defender of its importance. In his own description, 'In some senses physical organic chemistry is the broadest subdiscipline of chemistry. It uses all the methods of physical chemistry and a few of its own.'; it requires synthetic skills as well. Within a short period after he moved to Columbia, he had established worldwide prominence in two very distinct areas of this branch of chemistry, namely aromatic structure and co-enzyme mechanism.
Aromaticity
In the 1930s, the enhanced stabilization observed in aromatic molecules that possess delocalized π-electrons had been explained by W. Hückel. These π-electron energy levels were described by his (4n + 2) rule relating to the pi-electron count, where n = 1 for the classic case of benzene. This had stimulated much work, beginning in the 1950s, although the simplest example of a cyclopropenium cation, where n = 0, was not addressed other than through a cryptic entry in a more general theoretical analysis of aromaticity by J. D. Roberts and co-workers. By developing a simple route to a precursor, Ron was able to show that a triphenylcyclopropenium salt was a stable species and the cation was indeed correctly classified as being aromatic. This was quickly followed by further examples, culminating in synthesis of the parent cyclopropenium ion salts. Ron developed electrochemical techniques to quantify the relative stability of aromatic cations that further endorsed their stability. Cyclic unsaturated ketones are subject to the (4n + 2) rule, considering the ketone group as C + -O − , and in parallel work he and his co-workers showed that cyclopropenones were both accessible and stable; this chapter of his work culminated in synthesis and characterization of the parent molecule. Cyclopropenone is currently one of the very few characterized CHO-containing interstellar molecules.
Molecules with (4n) pi-electrons are antithetical to Hückel's Rule and interest had focused on the neutral parent system, cyclobutadiene. Its inaccessibility had been noted by Richard Willstätter (ForMemRS, 1933) in 1905, 85 years before matrix isolation and molecular encapsulation techniques finally allowed cyclobutadiene to be characterized. Ron was concerned with identifying the chemistry of the two charged 4n carbocyclic pi-electron species (n = 1), the cyclopropenyl anion and the cyclopentadienyl cation. He coined the now widely used generic term antiaromaticity to describe the properties of this group and was concerned to quantify any energy deficit caused by this unfavourable electron configuration. For the anionic case, two approaches were used to elucidate the properties. The first was basepromoted H/D isotope exchange in activated cyclopropenes. This occurred far less readily than in closely related cyclopropanes or related model compounds, qualitatively indicating that carbanion formation which necessitates a cyclic 3-carbon 4-electron system was strongly disfavoured. A quantitative electrochemical measure was developed, following collaboration with his Columbia colleague, William Reinmuth. Cyclopropenyl cation is stable and the desired anion may be transiently formed from it by two-electron reduction. Knowing the stability of an aromatic two-electron cation, and then measuring the two-electron reduction potential, an accurate derivation of the pKa of the otherwise inaccessible four-electron anion can be derived. In this way a comparison between the acidities of methylene groups in cyclopropene and cyclopropane can be made; cyclopropene is less acidic by 15 pKa units and Figure 5 . Characterized parent species arising from Breslow's early studies on aromaticity and antiaromaticity.
hence the antiaromatic cyclopropenyl anion is destabilized by ca 20 kcal/mol. This approach provided a general assay for the pKa of anions derived by two-electron addition to stable cations. In parallel work, the 4n electron cyclopentadienyl cation had been predicted to exist in a preferred paramagnetic triplet state. This was confirmed experimentally by Ron and coworkers using electron paramagnetic resonance spectroscopy (EPR), first with pentaphenyl and pentachloro-substituted cations, and ultimately with the simple parent cyclopentadienyl cation. Cyclic voltammetry was used to demonstrate that 4π-electron cyclobutadiene was destabilized by antiaromaticity; oxidation of polycyclic hydroquinols to quinones is strongly inhibited when a cyclobutadiene ring is created in the process. In sum (figure 5), this project, conducted from 1957 for a period of over 20 years, profoundly influenced later studies in the field of aromaticity, both conceptual and experimental (5, 6, 28). The basic ideas arising are well covered in standard organic chemistry textbooks.
Mechanism of thiamine action
In a series of seven papers and two reviews between 1956 and 1962, Ron solved a problem that had puzzled workers in enzyme mechanism for many years (2). Thiamine pyrophosphate (Vitamin B1) is an essential co-factor in the Krebs tricarboxylic acid cycle vital to all aerobic organisms, and functions in promotion of two separate steps that require the decarboxylation of alpha-ketoacids: first, the formation of acetyl-CoA through decarboxylation of pyruvate that initiates the cycle and, second, the conversion of alpha-ketoglutarate into succinyl-CoA as the fourth step of the cycle. Unlike beta-ketoacids, where loss of CO 2 from the carboxylate leads to a stable enolate anion, alpha-ketoacids lack the possibility for easy thermal decarboxylation. Ron reasoned that the proton adjacent to the charged nitrogen in the thiazolium ring of thiamine might well be acidic, with the ensuing carbanion stabilized as a zwitterion, but able to engage the alpha-keto group by nucleophilic attack. He also noted that the zwitterion could be drawn as a carbene with nitrogen and sulphur substituents, anticipating the later development of heteroatom stabilized carbenes. This hypothesis was demonstrated with spectacular success through the rapid base-promoted exchange of the relevant proton with deuterium in D 2 O, first with a model thiazolium salt and then with thiamine itself. The stable anion formed by proton abstraction acts as a nucleophile towards the carbonyl group of an alphaketoacid. A simple rearrangement step activates the intermediate towards decarboxylation and the enzyme-catalysed process is completed by the elimination of the thiamine unit (figure 6). Formose reaction Ron is also credited with a mechanistic explanation of the formose reaction in 1959, a selfcondensation of formaldehyde to sugar-like molecules discovered by Butlerov in the 1860s, and of interest as a potential method for prebiotic production of carbohydrates. The basic features of his mechanism, including the powerful auto-inductive role of the initial product HOCH 2 CHO, still stand. A return to the topic late in his career led to an interesting refinement: the formal 1,2-shift of a hydrogen atom in the interconversion of hydroxyaldehyde and hydroxyketone as part of this process involves direct quantum tunnelling of a hydride in 1,2-shift, as shown in figure 7 , not the classical model involving an enol intermediate (1, 29).
Biomimetic chemistry
Early in his career, Ron raised a specific question: to what extent can the reactivity and selectivity of enzymes be mimicked by simple organic species? There are potential benefits studying this question for both synthesis and biology. He coined the term biomimetic ('relating to or denoting synthetic methods that mimic biochemical processes'; OED) to describe model compounds and reactions in this class. For more than half of his long career, this was a primary activity, with several distinct strands. The work was largely focused on accessible synthetic models for enzymes, or enzyme-like selective processes, whose mechanism of action was reasonably well appreciated.
Remote activation of C-H bonds
Organic synthesis normally requires functional groups, and saturated carbon-hydrogen bonds are considered to be inert, subject only to uncontrolled high-energy processes. Ron pioneered a novel approach using C-H activation by a remote substituent that acted as a carrier of the desired reagent and forced the reaction partners into proximity through a rigid linker. By trial and error, he discovered free radical generating reagents that were able to replace specific remote tertiary hydrogens in a steroid nucleus by useful functional groups. Furthermore, the site of reactivity was defined by the geometry of the linker, giving access to modified steroids otherwise not readily accessible, exemplified in figure 8. Although more than 40 years old now, and benefiting from even earlier work by Sir Derek Barton (FRS 1954), the underlying principle behind Ron's work has resurfaced and helped to inspire contemporary studies (writing in 2018) in which a linking directing group promotes metal-catalysed substitution of hydrogen at specific sites; currently important in late-stage functionalization for screening of bioactive molecules (8).
Model enzymes from cyclodextrins
Cyclodextrins (CDs) are simple 6-, 7-or 8-membered cyclic oligomers of glucose (respectively α, β and γ) formed by enzymatic transformation of starch. They are hydrophilic but the toroidal cavity of their macrocyclic ring (figure 9) is capable of solubilizing hydrophobic compounds in water, being particularly good at binding aromatic compounds. Their potential for selective binding and catalysis of organic reactions was recognized by Ron very early on as providing simple models for the basic principles of enzyme action. They are simple molecules that may simulate several of the key features of enzymes: they selectively bind organic reactants in water; the bound reactant may exhibit novel selectivity patterns; and the overall reaction may show substantial catalytic acceleration. His initial work first showed the capacity for a cavity-bound reagent to accelerate the acylation of peripheral OH-groups in the CD, and then he quickly moved on to catalysis with cavity-bound reactants, using synthetically modified β-CD. Under standard conditions, the main product in chlorination of anisole was para-substituted; carrying out the reaction with CD catalysis afforded mainly ortho-substitution. This led to diverse applications, including a coordinated nickel complex for catalysis of hydrolysis and also a catalyst that simulated the action of pyridoxal by catalysis of the interconversion of α-amino acids and α-ketoacids, and other modified CDs showing the efficacy of simple models for carboxypeptidase.
Another of his projects afforded models for the action of carbonic anhydrase. He observed that a thiazolium unit linked to the larger cavity of γ-CD was an efficient catalyst for the benzoin condensation of two benzaldehydes, and separately showed that both aldehyde molecules could be accommodated in the same CD cavity. His later work involved more sophisticated syntheses of linked functional CD dimers and tetramers. This culminated in a successful demonstration of manganese porphyrin-catalysed alkene epoxidation using iodosylbenzene as the oxidant. The process was initially successful only for a designed aromatic alkene. With a more elaborate cross-linked system, simple alkenes were successfully epoxidized (4, 11, 14) .
Closer modelling of enzymic activity arose from the introduction of two strategically spaced imidazole units into a single β-CD for catalysis of the hydrolysis of dinucleotides. This provided a close model for ribonuclease A (RNA), one of the earliest cases where the detailed mechanism of enzyme action had been elucidated; the RNA molecule is broken down hydrolytically mainly by the cooperative action of two histidine imidazoles in discrete sequential processes (Cuchillo et al.) . For Ron's mechanistic model, obtained from study of 3,5-linked dinucleotide reactants (figure 10), there are subtle but significant differences from the enzyme mechanism. His mechanistic evidence supports the involvement of a pentavalent phosphorus transient intermediate that can competitively break down by isomerization, transferring the inter-nucleotide link to the 2-position. His sequential bifunctional catalysis mechanism contrasts with a concerted pathway for the same steps favoured by enzymologists, but is otherwise similar (9). Hence, simple chemistry can give insights into how enzymes work and model fundamental aspects of biocatalysis (15, 19) .
Alternative enzyme models
In later work Ron created models for the oxidizing action of cytochrome P450 by adapting simple porphyrins to accommodate auxiliary groups that facilitate substrate binding. This culminated in a successful demonstration of manganese porphyrin-catalysed alkene epoxidation using iodosylbenzene as the oxidant. The process was initially successful only for a specific aromatic alkene. With a more elaborate cross-linked system, simple alkenes were successfully epoxidized. In a link to his earlier results on C-H activation, it proved possible to selectively hydroxylate steroids with good catalytic turnover and different chemoselectivities using his approach (13) .
In a further extension of designed pyridoxal analogues for modelling transamination catalysts, Ron successfully developed models based on alkylated polyethyleneimines carrying covalently bonded pyridoxal-derived units, and possessing a hydrophobic cavity. By varying the structure of the pyridoxal unit, different chemical pathways could be realized. In one case, rapid catalytic transamination converting pyruvate into alanine was achieved, and with further variation an enantioselective process was realized. Alternatively, catalysts capable of racemizing an amino acid, or of amino acid decarboxylation, were demonstrated (20) .
Overall, these early studies on biomimetic processes that started in the 1960s have influenced current work in homogeneous catalysis, especially the later major field of organocatalysis. The importance of molecular recognition of substrate by catalyst, and the ability to facilitate catalyst-substrate hydrogen bonding by design, are now second nature in project planning throughout the field. In the course of this research, Ron was challenged in an unexpected and unwelcome way in 1987 by fraudulent but cleverly concealed work from a student; every supervisor's nightmare. Two publications needed to be withdrawn from the Journal of the American Chemical Society, and he did this with great haste when the problem was revealed, avoiding lasting professional damage. 
Aqueous organic chemistry
Typical organic molecules are hydrophobic and have low solubility in water unless endowed with polar functional groups. Ron's work turned this observation to advantage through analysis of simple organic reactions in aqueous solution. The initial results showed a striking increase in reaction rate for simple Diels-Alder cycloadditions in water compared with common organic solvents, and additionally better control in the stereochemistry of the product. His simple explanation was that the reactants expose a greater surface area to water solvent than does a transition state where the components mutually shield one another. Put succinctly, water molecules prefer contact with one another than with hydrophobic organic species. Further reactions following the same principles included the benzoin condensation-cyanidecatalysed reaction of two aromatic aldehydes-and heteroatom cycloadditions (figure 12) (7, 10). Further insights were gained through additives that modify water structure and hence affect organic reactivity. Dissolved lithium chloride is known to increase the hydrophobic effect and accordingly enhanced the rate of Diels-Alder reactions relative to water. By contrast, chaotropic agents like guanidinium chloride or urea, or alcohol co-solvents, reduce the hydrophobicity of aqueous solutions and reduce the reaction rate. The term antihydrophobic was used as a generic description for these phenomena. Information gained from comparison of reaction rates between pure water and water/alcohol mixtures as solvent was quickly recognized to be a more general tool for exploring reaction mechanisms. For SN2 reactions of aromatic phenolate and thiophenolate anions, two distinct pathways could be discerned, one dependent on close hydrophobic packing of reactants, the other less so. Reactions of diverse alkyl iodides with nucleophiles can follow a direct path, or be preceded by electron transfer from nucleophile to reactant. The two pathways can be distinguished, since their rates respond differently to a change from water to 20% ethanol in water. Thermodynamic measurements of solubility changes induced by antihydrophobic additives showed a general pattern, with free energies of solvation changing according to the number of exposed aromatic rings (16, 21). The insights revealed through these studies on antihydrophobic effects on reaction mechanisms in aqueous solution have been reviewed (22).
Hydrophobic effects may also change the selectivity of a reagent allowed to compete for pairs of reactants. In ketone reduction with modified borohydride reagents, a reaction that is quite unselective in methanol may be highly selective towards the more hydrophobic reactant in aqueous lithium chloride solution. Similar selectivity patterns were seen with a steroidal diketone, where the preferred reaction site could be controlled by choice of reagent and reaction medium; the site of higher intrinsic reactivity is preferred with lithium borohydride in water, while a more hydrophobic substituted borohydride reagent reacts with the more hydrophobic carbonyl group. The same principles apply in competitive epoxidation of pairs of alkenes with oxaziridinium salts when varying the hydrophobicity of both components (23).
Taken in sum, this sector of Ron's work provides an important contribution to our understanding of organic reactions in aqueous solution, with relevance well beyond the range of transformations he studied.
The synthesis and application of anti-cancer drugs; Vorinostat
The research project that led to a new class of anti-cancer therapeutics started through a chance conversation. Virologist Dr Charlotte Friend had noticed that differentiation of her murine erythroleukaemia cells (MELC) was induced when cultured in media containing dimethyl sulfoxide (DMSO). She discussed this with colleagues, resulting in a further conversation between the cell biologist Paul Marks and Ron that led to an enduring and ultimately successful collaboration.
Early papers arising from this partnership demonstrated that many highly polar organic compounds were comparable to DMSO in inducing differentiation, or even more efficient. The most important discovery was that compounds with two polar groups separated by a flexible alkyl chain, notably a bis-acetamide, were significantly more effective. Several years passed before the next significant developments in 1996, when bis-hydroxamic acids linked through an aromatic chain were found to be far more potent differentiators of MELC. With this encouragement, together with further rounds of structural modification, three compounds that were active at a clinically feasible micromolar concentration were found. Their common feature was the terminal hydroxamic acid group, very unusual in nature, but found in the natural product trichostatin A (18) . The hybrid amide-linked hydroxamic acid SAHA, later named Vorinostat, was used to probe the detailed molecular mechanism, providing a direct link to cancer biology. This compound showed an acceptable balance between activity and toxicity and provided the main thrust of the project (25).
Histones are the main proteins in chromatin and involved in DNA winding in higher organisms. The significance for cancer therapy attached to inhibition of histone deacetylases by Vorinostat lies in the potential for modulating transcription in rapidly dividing cells. The molecular mechanism was established through X-ray crystallography using an analogous bacterial deacetylase (figure 13); this reveals that the catalytic core possesses a tubular pocket with a zinc-binding site at which a histidine-bound water molecule effects deacetylation (17). After doping the crystal with Vorinostat, or alternatively with trichostatin A, further X-ray analysis shows that the hydroxamic acid moiety competitively binds to zinc and the sidechain of the molecule sits in the active site pocket, suppressing deacetylation. Related and more recent crystallographic work on the mammalian α-tubulin deacetylase enzyme HDAC6, a desired clinical target for inhibition of cancer cell growth, confirmed this mechanism of action for hydroxamic acid-based inhibitors, and provided a fitting posthumous tribute for Ron's contributions (30). 
Late career projects

Origins of life
Analyses by Cronin and Pizzarello of amino acids extracted from the Murchison meteorite had shown that the quaternary α-methylated components, especially α-methylvaline, had a low but measurable excess of d-enantiomer; the source of chirality imbalance remains unclear (Cronin and Pizzarello 1997). Ron's subsequent work based on this observation demonstrated that pyridoxal-catalysed transamination of phenylpyruvic acid using pure d-α-methylvaline resulted in chirality transfer such that l-phenylalanine, the natural enantiomer, was formed in low enantiomer excess. He was concerned that purely chemical processes like this in the prebiotic world might lead to insignificant levels of predominance of single enantiomers, and looked for physical methods that could lead to amplification. Crystal packing effects tend to favour racemates over single enantiomers so that ca 85% of chiral compounds form racemic crystals rather than conglomerates where individual crystals are composed of one enantiomer (conglomerates). Ron's work demonstrated that phenylalanine could be isolated in high enantiomeric purity by a sequence of solution concentration and filtration to remove the less soluble racemate, starting from material of very low enantiomeric purity (24) . Amplification of enantiomer excess through crystallization also worked for the nucleosides uridine, adenosine and cytidine, but not with guanosine, which crystallized as a conglomerate. In addition to this, he demonstrated a prebiotic model for transketolases, using cyanide ion as the catalyst in place of the enzyme-mediated thiamine pyrophosphate used by modern biology.
Molecular electronics
Ron became interested in the design of molecular wires; molecules that linked single channel nanoelectrodes and were then capable of passing an electric current. This interest developed into a broad-based collaboration between chemists and physicists at Columbia; he became a co-director of Columbia's Interdisciplinary Center for Electron Transport in Molecular Nanostructures, supported inter alia through the NSF Nanoscience initiative. Molecular wires involve an organic linker that bridges two termini capable of bonding to atomic scale electrodes. As a physical organic chemist, he was concerned with establishing quantitative relationships between the structure of the organic linker and the efficiency of conductance. He measured conductance through aromatic rings, using diverse primary diamines to bridge between gold nanoelectrodes. He demonstrated that through-space conductance could be achieved via the pi-system of linked paracyclophanes. His work provided access to allcarbon molecular wires that bridged two gold electrodes. This involved transmetallation of a symmetrical bis-trialkytin precursor, replacing the tin fragments by gold-carbon bonds at the electrode surface. The products had considerably higher conductance than previously studied amine, isonitrile or thiol-linked molecular wires (26, 27).
His career recognition and legacies
Ron's research became prominent when he was relatively very young and, accordingly, he received early recognition. He was elected to the US National Academy of Sciences in 1966, when 35 years old, and to the American Academy of Arts and Sciences the following year. Later in his career he was elected as Foreign Fellow of the Indian Academy of Sciences (1992) and Foreign Member of the Royal Society (2000) . In all he received at least 70 awards and prizes, including named lectures and visiting professorships, with a worldwide distribution. To offer a small sample, he received the Award in Pure Chemistry, the Award in Pure Science and the Priestley Medal (ACS, 1966 (ACS, , 1987 (ACS, , 1999 , the Award in Chemical Sciences (NAS, 1989), Centenary Lecture (RSC, 1989), the Paracelsus Award (Swiss Chemical Society, 1990) and the Perkin Medal (SCI, 2010). In turn, ACS honoured his work through the Ronald Breslow Award in Biomimetic Chemistry, given annually at an ACS meeting:
For the development and application of powerful methods that integrate biomimetic chemistry and biological evolution to solve major problems in chemistry, biology, and medicine.
Among all his awards, he was probably most proud of the US National Medal of Science, presented to him by President George H. W. Bush in 1991 (figure 14). The citation reads:
For his incisive work on enzyme mimics that has built bridges between chemistry and biochemistry, and for his seminal work on novel conjugated molecules and a new class of anticancer agents. career-long influence through the initiation or development of a wide breadth of topics was remarkable. Well over 40 of Ron's postgraduate and postdoctoral students went on to develop independent academic careers, working on a breadth of problems that reflected the diversity of his interests in mechanism, synthesis and chemical biology. The major Californian campuses are notably well represented by eminent ex-group members (including Robert Grubbs (ForMemRS 2017), 2005 Nobel Prize-winner). The international character of former group members is reflected in a worldwide academic diaspora. Many other students became successful doing fine chemical and pharmaceutical research in industry, and elsewhere; his student Douglas La Follette became a successful politician in Wisconsin.
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Students emerged from his laboratory with an ideal training: the abilities to acquire robust data, to scrutinize the meaning of their results critically and to give novel content a proper context with regard to existing knowledge. Open and lively discussion was emphasized, both on a 1:1 basis in the laboratory and in regular group meetings. His high level of personal contact with students and postdoctorals, and the way he treated his co-workers as equal partners in the scientific quest, formed a model for effective and productive research supervision. The research group atmosphere is nicely summarized in several obituaries written by former group members for a range of science journals, for instance (Schepartz et al. 2018 ):
Talking with Ron about science was like a chess match-one where your opponent was always four moves ahead of you. It was frustrating at first but then so much fun. What I remember most vividly was his kindness for his family, his colleagues, and everyone in his group.
In many ways he flourished in a golden age for the application of organic chemistry in which health, wellbeing and quality of life were enhanced through discoveries made during the growth of the subject towards maturity. In that period a major application has been to the development of new active pharmaceutical agents. Accordingly, the fine chemical and pharmaceutical industries had a major commitment to the extension of existing knowledge in academia, and needed ready access to appropriately trained postgraduates and postdoctorals; his own students were admirably well prepared.
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